Background: Hospital performance models in acute myocardial infarction (AMI) are useful to assess patient management. While models are available for individual countries, mainly US, cross-European performance models are lacking. Thus, we aimed to develop a system to benchmark European hospitals in AMI and percutaneous coronary intervention (PCI), based on predicted in-hospital mortality. Methods and results: We used the EURopean HOspital Benchmarking by Outcomes in ACS Processes (EURHOBOP) cohort to develop the models, which included 11,631 AMI patients and 8276 acute coronary syndrome (ACS) patients who underwent PCI. Models were validated with a cohort of 55,955 European ACS patients. Multilevel logistic regression was used to predict in-hospital mortality in European hospitals for AMI and PCI. Administrative and clinical models were constructed with patient-and hospital-level covariates, as well as hospital-and country-based random effects. Internal cross-validation and external validation showed good discrimination at the patient level and good calibration at the hospital level, based on the C-index (0.736-0.819) and the concordance correlation coefficient (55.4%-80.3%). Mortality ratios (MRs) showed excellent concordance between administrative and clinical models (97.5% for AMI and 91.6% for PCI). Exclusion of transfers and hospital stays ≤ 1 day did not affect in-hospital mortality prediction in sensitivity analyses, as shown by MR concordance (80.9%-85.4%). Models were used to develop a benchmarking system to compare in-hospital mortality rates of European hospitals with similar characteristics. Conclusions: The developed system, based on the EURHOBOP models, is a simple and reliable tool to compare inhospital mortality rates between European hospitals in AMI and PCI.
Acute coronary syndrome (ACS) is the leading cause of morbimortality in Europe, emphasising the need of assessing ACS quality of care [1] . To assess quality of care in ACS, it would be useful to analyse hospital performance based on quality indicators; such as structure (e.g. access to cardiovascular specialists), process (e.g. timely and appropriate reperfusion) and outcomes (e.g. death) [2] . Compared to structure and process, outcome indicators provide a more global measure of quality of care and are the most relevant to patients and physicians [2, 3] . In addition, mortality -the most widely used outcome -has been recommended as a key indicator of the quality of acute myocardial infarction (AMI) management [4] .
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In the last decade, several models have been developed to analyse hospital performance in ACS management based on in-hospital or 30-day mortality [5] [6] [7] [8] [9] [10] . Krumholz et al . provided the first model to estimate AMI 30-day mortality for benchmarking purposes, using administrative data [5] . Following similar methodology, other authors developed models to estimate AMI [6] [7] [8] , ACS [9] , and percutaneous coronary intervention (PCI) [10] mortality, mainly using administrative data.
The usefulness of hospital performance models for quality of care improvement is based on the actions that would be implemented as a result of the information obtained. For example, it would be expected that a hospital/department whose AMI mortality is higher than the mortality observed in other units with similar characteristics, regarding patients and resources, would revise and improve their current AMI protocols. Thus, European hospitals, cardiovascular departments and coronary units must be able to compare themselves to others with similar characteristics. For this comparison to be reliable, the data used to develop the models should be representative of European hospitals. However, the available models were mainly developed in the US [5, 7, 8, 10] and most of them, including the only PCI model, were developed for patients older than 64 years [5, 8, 10] . In addition, cross-European performance models, which would be representative of European hospitals and would allow a common strategy for ACS quality of care improvement in Europe, are lacking. To fill this gap, we designed the EURopean HOspital Benchmarking by Outcomes in ACS Processes (EURHOBOP) project [11] . The EURHOBOP, was a cohort study funded by the European Commission, designed to provide a valid ACS benchmarking system to the European Community. The goal of this system was to allow cardiologists and other professionals from European hospitals to easily monitor their outcomes in key ACS diagnosis and procedures.
The aim of the present study was to derivate and validate a set of models to benchmark in-hospital mortality rates in European hospitals, in AMI and PCI, taking into account the country as well as hospital and patient characteristics. The secondary aim was to provide a computerbased tool, using the developed models, to allow cardiologists to compare the data from their own practice with others.
Methods
The EURHOBOP Study complies with the Declaration of Helsinki and was approved by the ethics committee of the Parc de Salut Mar (IMIM-PSMAR 2010/3779/I) of Barcelona, Spain.
Data collection
The EURHOBOP cohort included 15,170 ACS patients from 68 hospitals located in: Finland, France, Germany, Greece, Italy, Portugal, and Spain. Data collection in the EURHOBOP study has been previously described [12] . Briefly, at least 2000 patients were retrospectively recruited per country from 2008 to 2012, with a mean of 221 consecutive patients recruited per hospital. Patient-and hospital-level data were obtained from the letter of discharge and from medical records (whether on paper or electronic). Patient characteristics included demographic variables, cardiovascular (CV) risk factors, comorbidities, procedures and complications during hospitalization, and admission and discharge data. Hospital characteristics included the number of beds and cardiology patients discharged, as well as ACS care facilities. Collected variables are listed in the Supplementary material online, Table S1 .
Study population and outcome
EURHOBOP patients with a discharge diagnosis of unstable angina (UA) or AMI (International Classification of Diseases 10th revision: I21.0-I21.9 and I20.0) were selected for the present study. Two patient subsets were chosen for hospital benchmarking due to their importance in ACS management: patients with a discharge diagnosis of AMI and patients who underwent PCI during the index admission. Patients from hospitals that recruited less than 10 patients for any of the subsets were excluded from the analysis. The flowchart of the included patients is presented in Fig. S1 . The selected outcome was inhospital mortality from any cause during the index admission.
Candidate variables
Variables predictive of in-hospital mortality were chosen based on literature evidence and clinical experience. Candidate variables for analysis were selected on the basis of the reference time (defined as admission), as suggested for models reporting health outcomes [13] . Thirteen candidate variables remained for the analysis: 8 at the patient level (age, sex, hypertension, diabetes, past history of CV diseases, ACS type, presence of cardiogenic shock or acute pulmonary oedema on admission and presence of renal failure on admission), and 5 at the hospital level (presence of intensive care unit (ICU), coronary care unit (CCU), catheterization laboratory, cardiac surgery, and university hospital status). Two sets of variables were defined: a clinical set, containing all candidate variables, and an administrative set, excluding the presence of cardiogenic shock or acute pulmonary oedema and the presence of renal failure on admission.
Model description
Two hierarchical logistic mixed models, one with the clinical and the other with the administrative set of variables, were fitted to each patient subset (AMI or PCI). Inhospital mortality was the binary outcome variable; patient and hospital characteristics constituted the fixed-effect explanatory variables. Hospital and country were also included as random-effect variables to deal with the hierarchical clustering of data.
Expected in-hospital mortality calculation
To calculate the expected in-hospital mortality the model was fitted using all patients except those admitted to the hospital for which the expected in-hospital mortality was being computed. This procedure, also known as cross-validation was repeated for all hospitals. Two types of expected in-hospital mortality rates were computed: (i) for hospitals located in countries included in the sample, by including the specific country effect in the model, and (ii) for hospitals from other countries, using the same hospitals data but assuming that they were from a country not included in the sample and setting the country effect to zero. Methodological detail regarding the computation of expected in-hospital mortality rates is provided in the Supplementary material online. 
Variable selection
A forward stepwise procedure was used to select the variables included in the models from the list of candidate variables. The selection was based on the maximization of the concordance correlation coefficient (CCC). The CCC was computed as the agreement between observed and expected in-hospital mortality rates for each hospital, weighted for the number of patients recruited by that hospital. Expected and observed mortality rates were normalized with the squared-sinus transformation prior to CCC calculation. The step-forward process was repeated until all candidate variables were included (Fig. S2 ). An extra step was conducted to remove the variables that did not improve the CCC and were not significantly associated with the outcome. Sex was forced into the AMI models to account for the demographic and clinical differences between men and women with an AMI. Due to the high co-linearity of the ICU, CCU and catheterization laboratory variables, if one of these entered in the model, the other two were removed from the list of candidate variables.
Model validation
Model validation was assessed internally and externally using two measures: the Cindex, to assess model discrimination at the patient level, and the CCC between observed and expected rates, to assess model calibration at the hospital level. The CCC was provided together with its 95% confidence interval and an "upper reference value", which was calculated under the hypothesis that, with our sample size, the variables explained 100% of the observed variability. Internal validation was performed by cross-validation as described in Section 2. [16] . Hospitals with less than 10 patients in any of the analysed subsets were excluded.
Concordance between administrative and clinical models
Administrative and clinical models were compared by assessing the concordance of mortality ratios (MRs) [5, 10] for each model type. MRs were computed as the ratio of predicted and expected in-hospital mortality rates in each hospital. The predicted in-hospital mortality rates were calculated as the expected rates, described in Section 2.5, but adding the specific effect of each hospital. MRs were log-transformed for normalization. Log-MRs from administrative and clinical models were compared for each patient subset (AMI and PCI) using the CCC statistic. Methodological detail regarding the computation of predicted in-hospital mortality rates is provided in the Supplementary material online.
Sensitivity analyses
The four described models were re-fitted on a subsample, excluding transferred patients and patients who stayed ≤1 day at the hospital. The flowchart of the included patients is presented in Fig. S3 . Cross-validation was performed with the C-index and CCC measures. MRs were calculated for each model as described and log-MRs were compared to the log-MRs from the full sample using the CCC.
Statistical analysis was performed with R Statistical Package (R Foundation for Statistical Computing, Vienna, Austria; Version 3.0.2) [17] .
Results

Patient and hospital characteristics
In the derivation cohort patients had a mean age of 66 years and 28% were women. Patient characteristics by subset are presented in Table 1 . Crude in-hospital mortality was 7.5% in AMI patients and 3.4% in the patients who underwent PCI. From the included cases, 25.7% and 19.6% involved hospital transfers in the AMI and the PCI subset, respectively. The proportion of patients discharged within the first 24 h was 8.2% in the AMI subset and 5.5% in the PCI subset.
Regarding hospital characteristics, more than 75% of the hospitals had ICU, CCU, or catheterization laboratory, or a combination of these facilities. Around 50% of the hospitals had cardiac surgery facilities or were university hospitals ( Table 2) .
Model derivation
The administrative and clinical AMI models included the following predictor variables: sex, age, hypertension, diabetes, ACS type, and CCU/ICU (Table 3 ). The clinical model included also cardiogenic shock/ acute pulmonary oedema and renal failure on admission, while the administrative model included previous history of CV disease instead. Age, diabetes, ACS type, cardiogenic shock/acute pulmonary oedema and renal failure on admission were positively associated with in-hospital mortality. Hypertension and presence of CCU/ICU were negatively associated with the outcome. As for PCI, both the administrative and clinical models included the following predictor variables: diabetes, past history of CV disease, ACS type, catheterization laboratory and university hospital ( Table 3 ). The clinical model included also cardiogenic shock/acute pulmonary oedema and renal failure on admission, while the administrative model included age and hypertension instead. All variables, except for hypertension, were positively associated with in-hospital mortality.
Most of the variables included in the AMI and PCI models had a significant or borderline association with in-hospital mortality at the patient level. In the clinical models, the variable with a larger effect on in-hospital mortality was cardiogenic shock/pulmonary oedema on admission; in the administrative models, it was ACS type.
Model validation
Internal cross-validation showed good discrimination at the patient level of AMI models (c-statistic = 0.819 and 0.773 for clinical and administrative models, respectively) and PCI models (c-statistic = 0.812 and 0.800, respectively) ( Table 3) . At the hospital level, models showed robust calibration (CCC/upper reference = 76.4% and 74.9%, for AMI clinical and administrative models, respectively; CCC/upper reference = 80.3% and 79.2%, for PCI models, respectively) ( Table 3 , Fig. 1) .
Performance was also analysed assuming that in-hospital mortality rates were predicted for hospitals located in countries not included in the sample. In this scenario, model discrimination was satisfactory for AMI clinical and administrative models (c-statistic = 0.800 and 0.747, respectively) as well as for PCI models (c-statistic = 0.771 and 0.771, respectively). Model calibration, however, was weak in both AMI and PCI models (CCC/upper reference = 21% for AMI models, and 15% and 23%, for PCI clinical and administrative models, respectively).
External validation was performed with the validation cohort summarized in Table 1 . The proportion of patients with cardiovascular risk factors, and with renal failure and killip classes III-IV on admission, was lower in the validation cohort compared to the derivation cohort (Table 1) . In AMI models, all explanatory variables showed similar ORs in the derivation and validation cohort, except for hypertension and CCU/ICU. However, in PCI models, ORs differed in both cohorts for hypertension, diabetes, past history of cardiovascular disease, ACS type and catheterization laboratory (Tables 1 and S3 ). Model discrimination was good in the validation cohort (c-statistic = 0.736-0.807), and did not differ between the derivation and the validation cohort except for PCI models (Table 3) . Model calibration was acceptable in the validation cohort (CCC/upper reference = 55.4-58.9%) and did not differ between the derivation and the validation cohort (Table 3 and Fig. S5 ).
Concordance between administrative and clinical models
The mean in-hospital MR multiplied by the crude in-hospital mortality was 7.58% (SD = 1.50) for patients diagnosed with AMI and 3.23% (SD = 0.84) for patients who underwent PCI. The concordance between the log-MRs obtained from administrative and clinical models was excellent for AMI and PCI models (97.5% and 91.6%, respectively) (Fig. 2) .
Sensitivity analysis
Model re-fitting in a subsample excluding transfers and hospital stays ≤1 day yielded similar ORs for all explanatory variables at the patient level, except for diabetes in the PCI administrative model (Tables 3 and  S2) . Regarding hospital level variables, neither CCU/ICU had an effect on in-hospital mortality in the AMI clinical model, nor catheterization laboratory in the PCI models. No difference was observed in model discrimination and calibration in AMI models. On the other hand, PCI models showed similar discrimination but lower calibration (CCC/reference = 59.4% and 61.2%, for clinical and administrative models, respectively) ( Table S2 , Fig. S4 ). Importantly, there was a high concordance between the log-MRs obtained in the whole sample and in the sensitivity analysis subsample: 82.7% and 80.9% for AMI clinical and administrative models, and 85.4% and 84.3% for PCI clinical and administrative models (Fig. 3) .
Computer-based tool
The developed models were implemented as an on-line application to provide a straightforward tool to compare AMI/PCI in-hospital mortality rates from cardiology units and hospitals with others. The online application can be accessed from the EURHOBOP website [11] , by clicking on the Hospital benchmarking icon. Once in the application, a description of the tool is provided and a page for data entry appears. After sending the data the application produces the percentile distribution of the expected in-hospital mortality rates in all EURHOBOP hospitals with similar characteristics and the location of the assessed hospital in this distribution (Fig. 4) .
Discussion
We developed a benchmarking system to compare performance of European hospitals and cardiology units in AMI management and PCI use. Our system is based on in-hospital mortality predicted at the hospital level by multilevel logistic regression models. The developed models allow cardiologists and other professionals in the cardiology field to compare their own data with others with similar characteristics even if only administrative data is available.
Patient-level variables included in our models were also retained in previous models with similar effects [5] [6] [7] [8] [9] [10] . In addition, prior AMI and PCI models included more comorbidities, admission and procedural variables [5] [6] [7] [8] , which were not included in our models due to nonavailability, presence of missing values or non-compliance with the reference time. Regarding hospital-level variables, only the AMI model by Seghieri et al. included one, catheterization laboratory [6] , which did not contribute significantly to our AMI models, even if CCU/ICU was removed from the list of candidate variables. However, catheterization laboratory was the main hospital-level variable in our PCI models. CCU/ICU was negatively associated with in-hospital mortality in our AMI models, while catheterization laboratory was positively associated with in-hospital mortality in our PCI models. This apparent discrepancy is probably showing -through the CCU/ICU variable -the positive correlation of larger and better-equipped hospitals with in-hospital mortality [18] . At the same time, catheterization laboratory would be representing the negative correlation between time to reperfusion and in-hospital mortality [19, 20] , as its effect disappeared when transferred patients were excluded. Model discrimination at the patient level was similar between our models and those reported in previous studies [5] [6] [7] [8] [9] [10] . Our AMI models showed a C-index of 0.77 and 0.82 for administrative and clinical models, respectively. In previous studies, discrimination of AMI models ranged from 0.70 to 0.83 for administrative models and from 0.77 to 0.84 for clinical models [5] [6] [7] [8] . As for PCI, the C-index of our clinical model was 0.81, similar to the discrimination capacity of the only PCI model -clinical -for hospital benchmarking to date (0.84) [10] .
The obtained MRs were consistent with previous studies: a mean of 7.58% for AMI patients compared to AMI in-hospital and 30-day inhospital mortality rates of 8.10% and 7.99%, respectively [6, 7] . As for PCI, Curtis et al. found an SMR of 1.55%, compared to the 3.23% MR observed in this study [10] ; this difference is probably due to the exclusion of same-day discharges in the Curtis et al. study.
It has been suggested that non-standardized periods of assessment, such as the hospitalization interval, may result in a biased evaluation of hospital performance due to varying lengths of stay (LOS) and transfer of patients [13] . Mean LOS in AMI patients is positively correlated with in-hospital SMR [21] , while inter-hospital transfers of AMI patients affects 30-day SMR in acute-care hospitals [22] but not in nonprocedure hospitals [23] . On the other hand, it has been argued that hospitals are only responsible for events that occur within their institution [24] . In this study, we found that 19.6% to 25.7% of the patients were transferred and 5.5% to 8.2% of patients had LOS ≤1 day. In contrast to the current assumption, our study showed good concordance (81%-86%) between in-hospital log-MR when transfers and short LOS were excluded or not, indicating that these factors do not bias hospital performance assessment based on in-hospital mortality when the appropriate statistical methodology is used. In addition, excluding transfers may cause an inaccurate estimation of quality of care in certain hospitals/ cardiology units [21] . Thus, it may not be necessary to exclude transfers and short LOS when comparing in-hospital mortality from clinical cardiology practice.
Administrative data, which contain important predictors of mortality [25] , are often used for outcomes research. Advantages of administrative data are its availability and reduced cost compared to clinical data. On the other hand, administrative data may lack certain predictors of mortality [7] . Two studies demonstrated good correlation between administrative and clinical models for hospital profiling in AMI [5, 7] . A more appropriate measure to compare administrative and clinical model is the concordance of their estimates. In this study, we found an excellent concordance (N 90%) between log-MRs obtained with the administrative and clinical models, especially for AMI (97%). Our administrative models may perform better than previous models due to the model development strategy and to the inclusion of the ACS-type flag [9] . These results show that using the EURHOBOP models, an accurate comparison of in-hospital mortality can be performed by either cardiologists or other healthcare professionals provided that at least administrative data is available.
The available AMI and PCI models for hospital benchmarking are intended for public reporting, and assume access to administrative/ clinical data as well as linkage to mortality registries [5] [6] [7] [8] [9] [10] . Our benchmarking system, however, has been designed for cardiologists and healthcare professionals directly involved in the improvement of ACS protocols and patient management. Thus, it has been designed as a tool to improve management of AMI and PCI patients, through the comparison of in-hospital mortality rates to the rates from similar hospitals. This comparison can be performed anonymously, in a few minutes, and by different users ranging from cardiologists to hospital managers and other stakeholders, as the only requirement is aggregate data from a sample of ACS patients and there is the possibility of applying administrative/ clinical models depending on variable availability.
Our study has several strengths. We developed the first crossEuropean multinational benchmarking models to estimate AMI and PCI in-hospital mortality rates using up-to-date data. We did not exclude patients due to age, LOS, or whether they were transferred or not, which allows more representative estimates of in-hospital mortality rates. We used standard methods for variable selection and statistical analysis, including model derivation and validation. We suggested a metric to evaluate model calibration at the hospital level using the concordance correlation coefficient. And finally, we developed an on-line application to obtain the expected distribution of in-hospital mortality rates from similar hospitals and the location of the assessed hospital/unit in this distribution. This application is a simple, rapid, and precise tool that can be employed by a variety of users to gather insight into the comparison of AMI and PCI in-hospital mortality rates between similar hospitals. Table 1 . For this example we have set the benchmarked hospital/unit in Finland. This unit had ICU/CCU but not catheterization laboratory and it was not a university hospital. The benchmark results show not only the percentile distribution of the hospitals but also the location of the analysed unit in this distribution (Hospital case column), as well as the performance measures of the model.
Study limitations
The main limitation of our study is the difference between the derivation and the validation cohort. The derivation cohort included ACS patients from 7 countries, while the validation cohort included patients from 3 of these countries. In addition, both cohorts were significantly different regarding the number of patients per hospital and the characteristics of the patients. Despite these differences, the proposed models showed good discrimination and acceptable calibration capacity, suggesting that the models perform adequately even if the sample is completely different from the derivation cohort. Another limitation relates to potential missing variables that could impact in-hospital mortality rates and variability at the hospital-and country-level, such as pharmacological treatment in the acute phase. This limitation is related to the exclusion criteria used and to the goal of providing a simple and precise tool for hospital benchmarking. To fulfil this goal, we had to balance model parsimony and performance. Finally, we observed that the CCC was much lower than expected when the country was simulated as outside the EURHOBOP cohort. The validity of the developed models in countries other than those included in the study merits additional research.
Conclusions
We present a benchmarking system to assess European hospital performance in AMI and PCI, based on predicted in-hospital mortality rates. Our models take into account hospital and patient characteristics, as well as the hospitals' country. Our system allows comparison of inhospital mortality rates between European hospitals sharing similar patient and hospital characteristics, which could be used by cardiologists to improve their own practices, by hospitals and in a common public health strategy to improve ACS quality of care in Europe.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ijcard.2015.01.019.
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